Microelectromechanical systems (MEMS) are playing increasingly important roles in facilitating biological studies. They are capable of providing not only qualitative but also quantitative information on the cellular, sub-cellular and organism levels, which is instrumental to understanding the fundamental elements of biological systems. MEMS force sensors with their high bandwidth and high sensitivity combined with their small size, in particular, have found a role in this domain, because of the importance of quantifying forces and their effect on the function and morphology of many biological structures. This paper describes our research in the development of MEMS capacitive force sensors that have already demonstrated their effectiveness in the areas of cell mechanics and Drosophila flight dynamics studies.
Introduction
Measurements of minute forces at the µN (10 −6 newton), nN (10 −9 newton), and pN (10 −12 newton) levels are crucial for understanding the fundamental elements of biological systems. Fundamentally, there are a few mechanisms used to measure an unknown force: (1) balancing the unknown force against a standard mass through a system of levers, (2) measuring the acceleration of a known mass, (3) equalizing it to a magnetic force or an optical force generated by the interaction of a current-carrying coil and a magnet or by the interaction of a laser beam and a trapped bead, (4) distributing the force on a specific area to generate pressure and then measuring the pressure, based on which force is indirectly derived, and (5) converting the applied force into the deformation of an elastic element. In the case of MEMS (microelectromechanical systems) capacitive force sensors, very small deflections caused by applied forces are transduced into detectable capacitance changes. An electronic circuit converts the capacitance variations into dc-voltage variations.
With their ability to measure forces from mN (10 −3 newton) to pN, MEMS capacitive force sensors are suitable for a range of biological studies.
Due to their high performance and their ability for multiple degree-of-freedom measurements, they are powerful alternatives to other MEMS transducers, such as cantilever-based sensors [1] [2] [3] . Compared to force measurement techniques, such as optical tweezers [4, 5] , ultrafine glass needles (also known as the microneedle technique) [6, 7] , atomic force microscopy (AFM) [8] [9] [10] [11] , magnetic bead measurement method [12] [13] [14] and micropipette aspiration [15, 16] , MEMS capacitive force sensors provide the following advantages: (1) they are capable of measuring a wide range of forces from mN down to pN while the measurement range of other techniques is often limited, (2) they are capable of providing force information along multiple axes, (3) they provide the most direct means of force measurement instead of indirectly measuring pressure, (4) they have the advantage of low power, low noise, high sensitivity and insensitivity to temperature variation, and (5) batch microfabrication processes are capable of manufacturing hundreds of these transducers simultaneously, making them cost effective.
The rest of the paper presents two designs of MEMS capacitive force sensors and their applications for biological studies at the cellular and organism levels. It needs to be noted that the potential impact of MEMS capacitive force sensors extends beyond the presented applications by promising valuable tools for a broad range of biomechanical studies.
MEMS cellular force sensor and cell membrane mechanical property characterization

MEMS capacitive cellular force sensor
Two-axis capacitive cellular force sensors based on comb drives (i.e., a multitude of parallel-plate capacitors), as shown in figure 1 , were constructed by a high-yield microfabrication process using DRIE (deep reactive ion etching) on SOI (silicon-on-insulator) wafers [17] . The device has a high sensitivity because of the large overlapping area. The sensitivity is further improved by adopting the transverse mode of comb drive movement that changes the gap between capacitor plates rather than the overlapping area.
The two-axis cellular force sensor is capable of resolving normal forces applied to a cell as well as tangential forces generated by improperly aligned cell probes. As shown in figure 1 , the constrained outer frame and the inner movable structure are connected by four suspended silicon springs. A force applied to the probe causes the inner structure to move, changing the gap between each pair of interdigitated comb capacitors. Consequently, the total capacitance change resolves the applied force. The interdigitated capacitors are orthogonally configured to make the force sensor capable of resolving in-plane forces along both the x-and y-directions. The force-deflection model of the curved spring along both x and y is δ = λ , where δ is the deflection, F is the applied force, E = 100 GPa is the Young's modulus of P-type 1 0 0 Si, w µm is the width of the springs, t = 50 µm is the height of the springs and λ = 2.36 × 10 −10 m 3 along the x-direction and λ = 1.1 × 10 −11 m 3 along the y-direction. In order to fabricate the sensors, the microfabrication process starts with an SOI wafer (device Si layer 50 µm, SiO 2 layer 1 µm, handle Si layer 400 µm).
Step 1: DRIE to form the features on the back side (the handle Si layer), Step 2: E-beam to evaporate Al to form ohmic contacts. Lift-off to pattern Al.
Step 3: DRIE the top side (device Si layer) to form capacitive comb fingers and springs.
Step 4: RIE (reactive ion etching) to remove the buried SiO 2 layer. The devices released onto a carrier dummy wafer below the device wafer, and were then picked up individually from the carrier dummy wafer. The dice-free release process protects fragile structures from damage. In the design and process, the handle layer Si is an integrated part of the force sensor, used for structural stability, dice-free releasing of the fragile structures, suspending the comb capacitors as well as mechanically connecting and electrically isolating capacitor plates.
A switched-capacitor-based capacitive readout circuit was used to convert a capacitance change into a voltage change. Calibration results demonstrate that the sensor is capable of resolving forces up to 25 µN in x and 110 µN in y with a resolution of 0.01 µN in x and 0.24 µN in y. Experimental results also demonstrated that these MEMS force sensors can be servoed to operate as an active force sensor. Due to the integrated electrostatic microactuators, device stiffness was modulated using force compensation, greatly increasing force measurement dynamic ranges. When the microforce sensor is actively servoed, an externally applied force is balanced by the electrostatic forces generated by the electrostatic microactuators within the sensor. The movable parts of the sensor are maintained in the equilibrium position, making the system a regulator system. The force measurement is obtained by interpreting the actuation voltages [18] . Additionally, it is also feasible to add in dedicated comb drives to actuate the sensor structure into resonance. The implementation of a capacitive resonant force sensor will further improve sensor resolution and stability, which is a topic of current research.
Cell membrane mechanical property characterization
Investigations into the functions and behaviour of various biological structures often require that the biomembranes Upon fertilization, the ZP surrounding the oocyte undergoes a 'hardening' process in order to prevent subsequent sperm from penetrating.
It has been speculated that ZP hardening is due to glycoprotein modification after fertilization. In cortical reactions occurring after fertilization, cortical granules undergo exocytosis as a result of an increase in the level of calcium, which modifies ZP glycoproteins resulting in ZP hardening. Some researchers deduce that the conversion of the zona pellucida glycoprotein ZP-2 to ZP-2f specifically contributes to ZP hardening [19] . ZP hardening has been assessed by comparing the duration of zona lysis in the presence of alpha-chymotrypsin [20] . However, there have been few studies investigating changes in the mechanical properties of the ZP post-fertilization.
To better understand the mechanical properties of mouse ZP and the mechanical property differences of ZP before and after fertilization, biomembrane force sensing has been conducted on mouse oocytes and embryos using the two-axis cellular force sensor.
Experiments.
The cellular force sensor, wire bonded to a readout circuit board, was mounted on a motorized micromanipulator. Since tip geometry affects the quantitative force measurement results, a tip section of a standard ICSI (intracytoplasmic injection) injection pipette with a tip diameter of 5 µm was attached to the probe tip of the cellular force sensors, as shown in figure 2 in order to obtain valid biomembrane force information for ICSI studies.
Before the force sensor applies a uniaxial point load compressing the biomembrane and measures normal forces, the force sensor probe must be properly aligned such that tangential forces are minimized. This ensures that only a normal force is applied to the membrane. When the tangential force was minimized, normal forces and membrane geometry changes were captured.
Results and discussion. Figures 3(a) and (b)
show the force and deformation measurement process on a mouse oocyte ZP. As shown in figure 4 , forces increase nonlinearly as deformation increases. When deformation reaches about 45 µm, the ZP and the plasma membrane are punctured. The maximum membrane penetration forces are approximately 7.5 µN. After the force sensor tip punctures the membranes and travels into the cytoplasm, the force decreases rapidly, almost to zero. The experiments with the capacitive microforce sensor reveal that embryo membranes endure much larger deformations than oocyte membranes before being punctured. The required forces to puncture embryo membranes are almost twice as large as the forces for oocyte membranes. These measurement results quantitatively reveal the mechanical property differences that result from mouse ZP hardening. Detailed cell membrane mechanical modelling was described in [21] .
This work has important implications for reproductive biologists working with in vitro fertilization and for biologists who develop transgenic organisms for biological research studies. The results provide additional evidence for protein cross-linking [22] that biologists have proposed as the mechanism by which zona hardening occurs.
MEMS capacitive microforce sensor and fruit fly flight force measurement
MEMS microforce sensor
The comb drive structure of the MEMS cellular force sensors presented in section 2.1 is equivalent to a two-plate capacitor model. Due to gap changes, the relationship between applied forces and resulting capacitance changes is nonlinear. This nonlinearity can be improved by adopting differential threeplate comb drives. In this case study, the MEMS microforce sensors using differential comb drives were developed for characterizing fruit fly (Drosophila melanogaster) flight behaviour. Figure 5 shows the solid model of the microforce sensor design. The sensor probe transmits forces axially deflecting This deflection displaces the inner movable capacitor plates (2) , shown in figure 6 (a). With a force applied in the positive x-direction, plates (2) move away from plates (1) and closer to plates (3) . When an ac signal is applied to the outer capacitors (plates (1) and (3)), a voltage divider is formed, as shown in figure 6(b) .
. Defining
, which is linearly proportional to displacement.
By initially setting d 1 = d 2 d 3 , the undesired additional parallel capacitance effect can be minimized and linearity is maintained. System stiffness is determined by spring dimensions. By modelling the two straight springs in front shown in figure 6 (a) as one spring constrained on both sides with a point load applied in the middle, the forcedeflection model of a single spring is d = where F is the applied force, E = 100 GPa is Young's modulus of P-type 1 0 0 silicon, and l, w and t are spring length, width and thickness respectively. These sensors were microfabricated using the same DRIE on the SOI process described in section 2.1. The comb capacitor plates are also 50 µm in depth. An aspect ratio of 20 can be achieved using the microfabrication process, which requires only three lithographic masks. Figure 7 shows an SEM picture of a completed device. The sensors have a sensitivity of 1.35 µN mV −1 , a resolution of 0.68 µN and a bandwidth of 7.8 kHz [23] .
Fruit fly flight force measurement
The fruit fly (Drosophila melanogaster) is a model organism studied by biologists for almost a century, and possesses a highly developed flight control system that provides the insect with the capability to perform robust stable flight, as well as exceedingly rapid and precise turning manoeuvres. The neurophysiology and biomechanics are inextricably linked and must be considered at the systems level. Multimodal sensory input converges on only eighteen control muscles that are responsible for the fine tuning of wing motion for manoeuvring. Beyond its impressive flight behaviour, Drosophila melanogaster is completely autonomous, extremely small, highly robust and selfreplicating. To better understand the biomechanics underlying fly flight, precise measurements of the flight forces of these tiny (3 mm long) insects must be obtained.
The MEMS microforce sensors have been applied to characterizing the flight forces produced by tethered fruit flies. In the experiments, individual flies were attached to the MEMS sensor probe using a well-controlled process to minimize the interference with their flight behaviour. Figure 8 shows a fruit fly tethered to the force sensor probe and the force sensor wire bonded to a PCB (printed circuit board). Data were collected from six fruit flies at a sampling rate of 5 kHz. As shown in figure 9 , the measured signal is periodic with a fundamental frequency just above 200 Hz corresponding to the typical wing beat frequency of fruit flies. Figure 9 shows the average lift forces from four flies over the duration of the time-normalized stroke cycle based on a total of 2875 wing strokes. Within each sequence, a contiguous section that showed little variance in wing beat frequency was chosen. The average lift force is 9.3 µN (±2.3 µN), which is in the range of typical body weights of fruit flies [23] . The MEMS microforce sensor provides a high sensitivity, broad range, small physical size, robustness and suitable geometry. The fruit fly flight force measurement results demonstrate the effectiveness of this technique for reliable and precise real-time measurements of flight forces in tethered flying fruit flies, promising important technological advance for flight biomechanical studies.
Conclusion
MEMS capacitive force sensors have found a role in quantifying force and its effect on the function and morphology of many biological structures. MEMS capacitive force sensors have already demonstrated their effectiveness in the areas of cell membrane biomechanics and Drosophila flight dynamics studies. Their high bandwidth, high sensitivity and large force measurement ranges combined with their small size make them well suited for many biological applications. Currently, these MEMS capacitive force sensors are limited to one or two degree-of-freedom measurements. The development of sensors for three or even six degrees of freedom with ultra-high resolutions of nN and pN is a topic of current research. Such devices will extend the range of applications and their value in biological research. Furthermore, as the ease of designing and fabricating these devices continues to improve, researchers will increasingly turn towards MEMS as standard tools for biology laboratories.
